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Composition and Structure of the San Andreas Fault Observatory at Depth (SAFOD) Phase III Whole-Rock Core:  Implications for Fault Zone Deformation and Fluid-Rock Interactions 
I. Abstract
VI. References
V. Implications
III. San Andreas Fault Rock Composition and Texture: Micro-scale Observations
By Kelly Keighley Bradbury (kellykbradbury@gmail.com) and James P. Evans (james.evans@usu.edu), Department of Geology, Utah State University, 4505 Old Main Hill, Logan, UT
We examine the composition and texture of whole-rock core from ~ 3 km depth in the 
San Andreas Fault Observatory at Depth (SAFOD) borehole, which provides a unique 
opportunity to characterize in situ rock properties of the near-fault environment, and 
how these properties vary in an area where deformation is accommodated by aseis-
mic creep and high-rates of microseismicity.  Detailed petrography and microstructural 
analyses coupled with X-Ray Diffraction and X-ray Fluorescence techniques are used to 
describe composition, alteration, and textures.  
All samples record multiple generations of cataclastic deformation in a complexly de-
formed and altered sequence of fine-grained sheared rocks.  Localized shears bound 
multi-layered zones of medium to ultra-fine grained cataclasite.  Phacoidal clasts or 
porphyroclasts comprised of serpentinite, quartz, and older cataclasite are embedded 
within the comminuted phyllosilicate-rich gouge. The intensity of damage-related fea-
tures and the development of a pervasive anastomosing fabric increases towards and 
within the two active slip zones near  ~ 3192 and 3302 m MD.  Foliated fabrics alter-
nating with discrete fractures suggest a mixed-mode style of deformation including 
both ductile flow and brittle deformation processes during fault zone evolution. Defor-
mation at high-strain rates is suggested by the presence of crack-seal veins in clasts, 
the presence of porphyroclasts, and the development of S-C fabrics in the phyllosili-
cate-rich gouge.  
Evidence for fluid-rock interaction across the fault zone is indicated by depletion of Si 
and enrichment of MgO, FeO, and CaO; with significant clay alteration and/or growth 
of neo-mineralized vein fillings and fracture surface coatings. Shear localization may 
decrease porosity and inhibit fluid flow whereas fracturing may locally facilitate fluid 
migration and/or chemical alteration within the fault zone.  These results constrain hy-
potheses related to fault zone behavior and broaden our understanding of the pro-
cesses controlling earthquake nucleation and/or energy adsorption within the SAF. 
Based on the similarity of our observations to previous results from surface exposures 
of the SAF, we emphasize the importance of exhumed fault zone studies as proxies for 
understanding deformation and seismicity in the shallow crust.
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IV. Whole-Rock Geochemistry
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II. Internal Fault Zone Structure: 
Mesoscale Core -Based Observations
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Core ID E_1_1 E_1_4 E_1_6A E_2_2 Gap G_1_2 G_1_3 G_1_4 G_1_4 G_2_2 G_2_4 G_2_4 G_2_5 G_2_8 G_2_9 G_3_1 Gap G_4_2 G_4_2 G_4_3 G_4_4 G_4_4 G_4_5 G_4_6 G_5_2 G_5_2 G_5_4 G_5_5 G_5_7 G_6_4 G_6_5 G_6_6
Core Depth (m) 3142.00 3144.60 3146.3 3150.30 3187.5 3189.2 3189.3 3190.1 3192.70 3193.6 3193.9 3194.8 3197.7 3197.9 3198.7 3295.8 3296.6 3297.4 3298.4 3297.9 3299.1 3299.9 3301.4 3301.7 3303.6 3304.6 3305.1 3310.4 3311.1 3312.1
SO3 0.12 0.14 0.16 0.19 0.11 0.07 0.09 0.08 0.03 4.04 0.07 0.13 0.20 0.15 0.07 0.22 0.26 0.11 0.08 0.09 0.19 0.08 0.10
Cl 0.05 0.06 0.06 0.04 0.17 0.13 0.08 0.33 0.30 0.07 0.47 0.32 0.50 0.24 0.18 0.13 0.15 0.15 0.12 0.13 0.15 0.19 0.16
Unnormalized Major Elements (Weight %):
 SiO2 67.82 58.80 75.16 72.96 70.19 79.06 68.37 72.11 70.71 67.97 65.70 64.82 47.74 49.97 60.59 55.60 42.01 46.57 41.44 63.91 59.40 48.54 36.71 81.34 60.93 58.91 58.21 58.99 30.93 57.77
 TiO2 0.599 1.012 0.145 0.425 0.604 0.318 0.555 0.572 0.540 0.444 0.442 0.483 0.426 0.447 0.168 0.645 0.319 0.363 0.280 0.441 0.483 0.357 0.376 0.347 0.658 0.720 0.660 0.743 0.351 0.701
Al2O3 15.80 18.11 12.21 14.20 12.03 6.68 12.18 11.47 13.81 9.89 10.59 11.31 8.62 9.09 6.06 12.84 6.20 7.20 5.71 11.32 10.84 6.57 8.42 8.72 13.87 16.66 17.27 15.19 8.52 15.08
 FeO* 2.63 5.26 0.62 1.04 4.07 2.30 4.46 3.07 2.62 2.80 3.29 3.15 6.60 6.49 0.95 6.93 6.20 6.04 6.21 3.59 3.76 1.71 3.32 0.86 6.84 7.55 6.93 7.74 4.13 7.38
 MnO 0.041 0.100 0.027 0.015 0.027 0.032 0.023 0.029 0.021 0.050 0.042 0.047 0.111 0.116 0.074 0.061 0.097 0.093 0.123 0.071 0.069 0.124 0.169 0.012 0.103 0.066 0.059 0.080 1.378 0.113
 MgO 1.03 2.15 0.34 0.35 1.46 0.91 2.31 1.47 1.95 1.35 2.05 1.85 18.78 16.64 0.56 9.41 21.73 18.95 22.30 5.54 5.13 1.39 3.02 0.72 2.96 3.39 3.28 3.39 1.78 3.16
 CaO 1.82 2.09 2.24 1.72 0.63 2.61 1.32 0.63 1.03 5.48 3.55 3.10 2.49 2.30 12.88 1.71 3.18 3.03 4.83 3.14 5.88 20.42 22.47 0.92 3.21 1.25 1.09 2.15 25.43 3.33
 Na2O 3.01 2.88 3.14 3.51 1.08 0.45 0.67 0.90 0.71 0.55 1.33 2.82 1.13 1.15 1.44 1.17 1.17 1.50 0.97 4.18 1.75 1.40 1.08 1.94 2.58 2.17 1.87 2.36 1.05 2.07
 K2O 4.49 4.41 3.27 4.10 2.61 1.29 2.07 2.39 3.10 2.06 1.29 1.16 0.37 0.51 1.97 1.37 0.17 0.45 0.15 0.83 2.23 1.28 1.51 2.91 1.37 2.17 2.62 1.58 1.24 1.89
 P2O5 0.149 0.326 0.037 0.060 0.262 0.226 0.212 0.233 0.168 0.186 0.178 0.168 0.091 0.096 0.153 0.205 0.076 0.078 0.069 0.103 0.440 0.218 0.314 0.185 0.068 0.094 0.077 0.075 0.283 0.126
 Sum 97.39 95.13 97.20 98.38 92.97 93.88 92.17 92.87 94.66 90.78 88.46 88.92 86.36 86.81 84.85 89.94 81.16 84.27 82.07 93.13 89.97 82.00 77.38 97.96 92.59 92.98 92.07 92.28 75.10 91.63
LOI (%) na na na na 6.60 5.34 6.91 6.48 na 7.90 10.33 10.77 13.53 12.97 8.29 na 18.63 15.60 17.55 7.03 9.04 17.58 21.26 na 7.66 7.48 8.10 7.58 24.06 8.62
Normalized Major Elements (Weight %):
Core Depth (m) 3142.00 3144.60 3146.3 3150.30 3187.5 3189.2 3189.3 3190.1 3192.70 3193.6 3193.9 3194.8 3197.7 3197.9 3198.7 3295.8 3296.6 3297.4 3298.4 3297.9 3299.1 3299.9 3301.4 3301.7 3303.6 3304.6 3305.1 3310.4 3311.1 3312.1
 SiO2 69.64 61.81 77.33 74.16 75.50 84.21 74.18 77.64 74.70 74.88 74.28 72.90 55.29 57.56 71.41 0.718 51.77 55.26 50.49 68.63 66.02 59.19 47.44 83.03 65.81 63.36 63.22 63.92 41.19 63.05
 TiO2 0.615 1.064 0.149 0.432 0.650 0.339 0.602 0.616 0.571 0.489 0.500 0.543 0.493 0.515 0.198 14.28 0.394 0.431 0.341 0.474 0.537 0.436 0.485 0.354 0.710 0.775 0.717 0.805 0.468 0.765
Al2O3 16.22 19.03 12.57 14.43 12.94 7.12 13.21 12.35 14.59 10.90 11.97 12.73 9.98 10.47 7.14 7.70 7.64 8.55 6.95 12.15 12.04 8.01 10.88 8.90 14.98 17.92 18.76 16.46 11.35 16.46
 FeO* 2.70 5.53 0.64 1.05 4.38 2.45 4.84 3.30 2.77 3.08 3.72 3.55 7.64 7.48 1.11 0.068 7.64 7.17 7.56 3.86 4.18 2.09 4.29 0.88 7.39 8.12 7.52 8.38 5.50 8.06
 MnO 0.042 0.105 0.028 0.016 0.029 0.034 0.025 0.031 0.022 0.055 0.047 0.053 0.128 0.133 0.087 10.46 0.119 0.110 0.150 0.076 0.077 0.151 0.218 0.012 0.111 0.071 0.064 0.086 1.835 0.123
 MgO 1.06 2.26 0.35 0.36 1.57 0.97 2.51 1.59 2.06 1.49 2.32 2.08 21.75 19.17 0.66 1.90 26.77 22.48 27.17 5.95 5.70 1.70 3.90 0.74 3.20 3.64 3.56 3.68 2.36 3.45
 CaO 1.87 2.20 2.31 1.75 0.68 2.78 1.44 0.68 1.09 6.03 4.01 3.49 2.88 2.65 15.18 1.30 3.91 3.59 5.88 3.38 6.53 24.90 29.04 0.94 3.47 1.35 1.18 2.33 33.87 3.64
 Na2O 3.09 3.03 3.24 3.57 1.17 0.48 0.72 0.97 0.75 0.61 1.50 3.17 1.31 1.33 1.70 1.53 1.44 1.78 1.18 4.49 1.94 1.70 1.40 1.98 2.78 2.34 2.04 2.56 1.40 2.26
 K2O 4.61 4.63 3.36 4.17 2.81 1.37 2.24 2.57 3.28 2.26 1.45 1.30 0.43 0.59 2.33 0.227 0.22 0.53 0.19 0.89 2.48 1.56 1.95 2.97 1.48 2.33 2.85 1.71 1.65 2.06
 P2O5 0.153 0.342 0.038 0.061 0.281 0.241 0.230 0.251 0.177 0.204 0.201 0.189 0.105 0.111 0.180 100.00 0.093 0.093 0.084 0.111 0.489 0.266 0.406 0.189 0.074 0.101 0.083 0.081 0.377 0.138
 Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Unnormalized Trace Elements (ppm):
Core Depth (m) 3142.00 3144.60 3146.3 3150.30 3187.5 3189.2 3189.3 3190.1 3192.70 3193.6 3193.9 3194.8 3197.7 3197.9 3198.7 3295.8 3296.6 3297.4 3298.4 3297.9 3299.1 3299.9 3301.4 3301.7 3303.6 3304.6 3305.1 3310.4 3311.1 3312.1
 Ni 0 5 0 0 37 18 19 20 20 33 21 17 917 840 9 467 1130 950 1156 108 152 55 116 8 35 43 38 40 24 41
 Cr 15 21 4 5 66 52 57 72 43 49 44 39 1117 959 17 390 1576 1145 1379 121 415 581 232 276 91 89 86 93 49 97
 Sc 6 11 2 1 8 5 8 9 7 7 7 7 15 16 4 18 12 13 12 10 12 10 11 3 22 27 24 25 16 27
 V 53 98 15 23 88 63 87 121 82 74 74 71 102 107 26 151 79 82 74 74 113 63 86 39 147 184 169 177 90 182
 Ba 782 590 1278 1123 368 959 311 314 362 183 115 310 75 125 1595 407 252 268 76 2227 1770 603 295 1342 331 489 378 341 247 448
 Rb 173 220 85 116 111 55 89 105 144 88 59 62 13 18 51 51 5 12 5 25 68 37 59 65 43 73 95 51 45 61
 Sr 391 369 366 451 141 162 150 134 161 194 297 661 194 195 608 147 376 294 280 331 238 354 285 141 166 178 186 192 159 182
 Zr 220 248 60 92 159 75 142 111 157 112 119 133 78 84 106 97 55 68 50 136 119 146 82 413 76 101 101 91 54 97
Y 17 22 7 15 18 16 19 22 17 18 18 19 14 16 11 16 11 12 11 16 23 15 17 16 17 16 18 17 56 25
 Nb 15.8 19.9 3.6 13.2 14.7 7.3 15.8 14.0 12.9 10.8 12.3 11.9 3.9 4.2 4.3 5.9 3.8 3.6 3.2 7.0 6.2 4.1 5.0 5.0 3.1 5.0 6.7 3.5 3.2 4.2
 Ga 20 28 12 17 19 11 18 17 19 14 16 16 9 11 5 18 8 7 7 13 12 7 11 8 14 19 18 16 12 16
 Cu 12 26 2 2 29 29 24 34 15 24 20 15 36 51 8 48 31 28 27 16 25 13 23 5 48 86 78 67 43 64
 Zn 71 143 14 21 95 53 109 116 87 85 79 80 75 80 15 148 61 65 60 58 113 64 83 20 86 115 104 100 57 94
 Pb 17 15 18 17 17 7 13 10 15 10 14 14 6 6 6 8 5 5 6 8 10 8 4 10 8 9 10 7 5 7
 La 29 49 16 26 31 22 36 34 29 29 29 31 9 11 13 12 8 9 7 22 16 18 13 21 8 6 12 10 23 13
 Ce 59 91 27 62 58 28 62 66 53 48 47 55 20 17 25 22 15 13 15 34 33 29 26 29 11 18 19 14 59 24
 Th 16 24 6 11 13 6 16 13 13 12 10 11 3 2 4 5 1 3 0 6 5 1 3 6 0 4 5 0 1 3
 Nd 23 35 12 28 26 16 24 26 24 21 23 23 9 10 12 9 8 7 9 15 17 16 13 14 7 9 12 9 33 17
 U 4 6 0 3 6 8 9 6 5 7 4 6 2 0 2 4 1 1 0 2 6 3 4 3 0 2 1 2 1 1
A
C
B D
E
F
G
H
VII. Acknowledgements
A
B
F
G
H
IIIB.  Fault Core Gouge 
~ 2.5 m thick
C
D
Serpentinite
E
Phyllosilicate-rich gouge with altered 
serpentinite as sub-rounded to rounded blocks 
&/or clasts
A1. 
IIIA. Black Fault 
Rock
IIIC.  Fault Core Gouge 
~ 1.6 m thick
A2. 
B. 
SEM Images and EDS mapping show alteration
minerals include Al-, Mg-rich clays, carbonates, 
& sulfides
c:\edax32\genesis\genspc.spc
Label:
kV:10.0 Tilt:-0.1 Take-off:34.9 Det TypeSDD Apollo 10 Res:131 Amp.T:3.2
FS : 3905  Lsec : 100 29-Sep-2010 12:09:07
0.4k
0.8k
1.2k
1.6k
2.0k
2.4k
2.8k
3.2k
3.6k
CountsB 
C 
O 
Na
Mg
Al
Si
S 
Cl
Cl K 
K 
Ca
Ca
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 keV
Carbon in
Fracture
Quartz
Magnetite
Albite
Sepiolite
Chlorite-serpentine
Kamacite?
Si O2
Fe +2 Fe2 +3 O4
( Na , Ca ) Al ( Si , Al )3 O8
Mg4 Si6 O15 ( O H )2 ·6 H2 O
( Mg , Al )6 ( Si , Al )4 O10 ( O H )8
( Fe , Ni )
X-ray Diffraction
SEM - BSED
S
Si
Mesh network of 
carbonate veins 
support episodic
fluid flow
%C
 0.4 
 
X-ray Diffraction
!
Quartz
Calcite
Si O2
Ca C O3
Palygorskite
Mg Al Si4 O10 ( O H ) ·4 H2 O
Al2 Si2 O5 ( O H )4
Kaolinite
( Mg , Fe ) C O3
Magnesite
Clinochrysotile
Mg3 ( Si2-x O5 ) ( O H )4-4x
X-ray Diffraction
Quartz, Magnetite, and serpentinite-bearing clays are the primary 
constituents with calcite and chrysotine veins and garnet present
Serpentinite-bearing Foliated 
Fault Gouge of the SDZ
Self-similar textural relationship of blocks
floating within anastomosing matrix  
present from meso- to micro-scale!
FeS (Pyrite)
Quartz
Si O2
Saponite
Ca0.2 Mg3 ( Si , Al )4 O10 ( O H )2 ·4 H2 O
( Mg , Al )6 ( Si , Al )4 O10 ( O H )8
Chlorite-serpentine
( Mg , Al )6 ( Si , Al )4 O10 ( O H )8
Ankerite
Gibbsite
Calcium Mica
Mg3 ( Si2-x O5 ) ( O H )4-4x
Nontronite
Clinochrysotile
( Na , Ca )0.3 Fe2 ( Si , Al )4 O10 ( O H )2 ·x H2 O
Al ( O H )3
Al3 Ca0.5 Si3 O11
X-ray Diffraction
Saponite & serpentinite-bearing
matrix
Fault Gouge ~ 3302 m (CDZ)C. 
3197.7
3197.7
Saponite & serpentinite-bearing
matrix with Mg-carbonate alteration
%C
 0.4-1.9 
 
BSED images of gouge zone materials  
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~ Black fault rock slightly depleted in Si, with enrichment of Al 
~ Fault gouge materials associated with the CDZ and SDZ are significantly depleted in Si, and enriched with Mg; Also contain noticable increases of Ni, Cr
Compositionally Heterogenous material properties:
~ 11 different lithologies in only ~ 41 m of core
~ Black fault rock is heavily mineralized with Fe, Mg, and Al alteration products. 
~ Serpentinite and saponite clay are primary constituents of fault core gouge  for the SDZ and CDZ and support recent findings suggesting 
neominerlized clay coatings  (Schleicher et al., 2010) and serpentinite (Moore and Rymer, 2007) influence  fault zone deformation behavior 
and contribute to fault creep.  
~ New results suggest carbon-rich materials may represent an additional source of potential weakening and contribute to complex fluid-
rock interactions.
~ Mineralogical composition and alteration products within the fault rocks support transient fluid-rock interactions with variable 
reducing/oxidizing fluid conditions 
Complicated internal fault zone structure ~ 
~ Block-in-matrix textures are comprised of mixtures of sedimentary lithics, serpentinites of varying degrees of   alteration, and 
some high-pressure minerals within ultrafine phyllosilicate-rich matrix materials,  creating a spatially  mixed fault zone comprised of 
competent vs. incompetent mechanical properties and supporting both discrete and distributed deformation (Fagereng and Sibson, 2010)
~ Block-in-matrix textures in damage zone and fault core gouge exhibit a self-similar relationship and are found across all scales of observa-
tion (meter to micrometer).
~ Slip localization occurs in black fault rock, which bounds the SDZ and CDZ fault gouge materials.  Localization is also observed in ≤mm-
scale discrete slip surfaces within the phyllosilicate-rich gouge.
~ Pervasively foliated fault gouge with moderately to highly rounded blocks may also contain fabrics inherited from original protolith mate-
rials (Franciscan Fm.?) and thus caution is needed to distinguishing between these features.
Next Step -  Linking geologic observations with geophysical properties and elastic moduli (Jeppson et al., 2010; Brad-
bury et al., 2009)
Bradbury, K.K., Barton, D.C., Solum, J.G., Draper, S.D., and Evans, J., 2007, Mineralogic and textural analyses of drill cuttings from the San Andreas Fault Observatory at Depth (SAFOD) boreholes: Initial 
interpretations of fault zone composition and constraints on geologic models: Geosphere, 3, 299-318, doi: 10.1130/GES00076.1.
Bradbury, K.K., Evans, J., Lowry, A.R., and Jeppson, T., 2009, Integration of geology and borehole geophysics to characterize rock properties at the San Andreas Fault Observatory at Depth (SAFOD) site, 
near Parkfield, CA, RMGSA Section 61st Meeting, Geol. Soc. Amer. Abs. Prog., 41, 6, 13.
Fagareng A., and Sibson, R.H., 2010, Melange rheology and seismic style:  Geology, 38, 8, 751-754, doi: 10.1130/G30868.1.
Jeppson, T.N., Bradbury, K.K., and Evans, J.P, 2010, Geophysical properties of the San Andreas fault zone a the San Andreas fault Observatory at Depth (SAFOD) and their relationship to rock properties: J. 
Geophys. Res., doi:10.1029/2010JB007563.
Moore, D.M., and Rymer, M.J., 2007, Talc-bearing serpentinite and the creeping section of the San Andreas fault:  Nature, 448, 795-797, doi: 10.1038/nature06065.
Schleicher, A.M., B.A. van der Pluijm, and L.N. Warr, 2010, Nanocoatings of clay and creep of the San Andreas fault at Parkfield, California.?Geology, 38, 667-670, doi: 10.1130/G31091.1.
Zoback, M.D., Hickman, S.H., and Ellsworth, W.L., 2010, Scientific Drilling Into the San Andreas Fault Zone: Eos, Transactions, American Geophysical Union, 91, 22, 197-204.
Wiersberg, T., and Erzinger, J., 2008, Origin and spatial distribution of gas at seismogenic depths of the San Andreas Fault from drill-mud gas analysis: Applied Geochemistry, 23, 1675-1690, doi: 
10.1016/j.apgeochem.2008.01.012. 
This work was supported by NSF-Earthscope grants EAR-044527 and 0643027 to Evans, and EAR-0346190.  Bradbury received supplementary support for 
sample analyses and travel to the IODP Gulf Coast Repository (GCR) from DOSECC, SEG Foundation, AAPG, SPWLA Foundation, and the GDL Foundation.  XRF 
analyses were performed by WSU laboratory.  We thank Bradley Weymer and Phil Rumford at the GCR Laboratory for cutting and processing the SAFOD core, 
their patience in helping us to obtain our core samples, and for their efforts towards caring and preserving this core. 
